Successful downhole temperature measurements were made at Sites 225, 227, and 228, enabling reasonably good estimates of the temperature gradient at Sites 225 and 227 and a less reliable estimate at Site 228. In addition, an estimate of the minimum temperature gradient was obtained for Site 229 by measuring the temperatures of sediments in the core catchers.
INTRODUCTION
During Leg 23, it was possible to obtain useful estimates of heat flow at four of the six sites drilled in the Red Sea. These increase the number of heat flow measurements in the Red Sea to 21. Previous work has been reviewed by Girdler (1970) who listed 12 measurements made with heat flow probes from survey ships and 5 estimates from temperature data taken in exploration boreholes. All but one of the 17 values show that the Red Sea has higher than normal heat flow. The axial, deep trough seems to have particularly high heat flow, the highest value being greater than 3306 mWm-2 (Erickson and Simmons, 1969) . The high heat flow also seems to extend over the margins, the values for the five exploration boreholes all being about twice the world mean. Downhole temperatures were measured at Sites 225 (two values), 227 (four values), and 228 (three values) using a temperature probe designed at the Woods Hole Oceanographic Institution and described by Erickson (1973) . It was not possible to obtain any measurements at Site 226 because of the early penetration of hard basalt. It also proved impossible to obtain temperature measurements at Sites 229 and 230 mainly because of bad weather (wind speeds of 50 mph). An attempt was made to obtain a measurement at 108 meters below bottom at Site 229, but the probe bent because of the presence of hard volcanic tuffs, and the recorder failed to switch on. The bumper subs became sanded up and further attempts to obtain measurements with the probe were abandoned. A minimum estimate of the heat flow was obtained at Site 229 by making crude measurements of the temperature of the material in the core catcher using a very simple thermometer as soon as the cores arrived on deck. Site 230 had to be abandoned prematurely because of bad weather so no temperature estimates were possible.
A total of 53 measurements of thermal conductivity of the soft sediments from Sites 225, 227, and 228 was made aboard the D/V Glomar Challenger using a needle-probe method. Measurements of thermal conductivities of the anhydrite and halite found beneath the soft sediments are described in an accompanying paper (Wheildon et al., this volume) .
The measurements of down-hole temperatures and thermal conductivities aboard ship enabled reasonable estimates of the geothermal heat flux to be obtained for Sites 225, 227, and 228 and a very rough minimum estimate for Site 229.
DOWNHOLE TEMPERATURE MEASUREMENTS
The temperature probe was generally lowered to the bottom of the drill string on the sand line during a pause in drilling operations. The instrument is designed such that a temperature measurement may be obtained at the same time as a core. On this leg, the heat flow probe was found to be too delicate to withstand the rigors of the coring operations, and it was altogether more satisfactory to make a separate operation of the heat flow measurement. This was economically feasible because of the relatively shallow water depths at the drill sites (less than 2 km).
A description of the instrument and its operation can be found in the DSDP Leg 19 Initial Report (Erickson, 1973) . It is sufficient to mention here that the instrument has a probe containing a thermistor and a recording device which enables temperature to be recorded as a function of time while the thermistor probe is in the thermally undisturbed sediment at the bottom of the hole. The latter facility enables the quality of the data to be assessed for each downhole measurement.
In the following discussion of the downhole temperatures at the various sites, the temperature-time plots (Figures 1 to 3 ) are presented for each measurement. On the figures, temperature estimates are given to 0.01°C and in the text these are rounded to 0.1 °C. Errors are given in the text and are estimated from consideration of the temperature-time records and calibration uncertainties.
It is noted that the temperatures recorded with the downhole temperature probe for the bottom water (22.3°t o 22.4°C at Sites 225, 227, and 228) seem a little high. For example, Siedler (1969) gives temperatures of about 21.8°C for similar water depths. It is thought the discrepancy might be due to some confusion concerning the thermistor coefficients. As the other downhole temperatures would be similarly affected, the small discrepancy has a negligible effect on the estimates of the temperature gradients.
Site 225
Site 225 (latitude 21.31°N, longitude 38.25°E) has a water depth of 1228 meters, and downhole temperatures were obtained at 19 and 78 meters subbottom. An attempt to obtain a temperature measurement at 45 meters failed, the apparatus not switching on. The temperature-time plots for the two successful measurements are shown in Figure 1 .
For the first measurement (19 m), the apparatus was switched on before penetrating the sediment to gain an idea of the full cycle of the operation. The graph shows the decrease in temperature as the probe is lowered down to the bottom of the drill string, a steady temperature near the bottom (22.3 ± 0.1°C), and then the increase in temperature as the probe is lowered into the sediment. The sediment temperature is read to be 24.2 ± 0.1 °C.
For the measurement at 78 meters, the instrument switched on later giving a bottom temperature of 22.3 ± 0.1°C. A small portion of the record was lost, probably because of the unusually large accelerations during penetration due to rock fragments in the sediments. A maximum temperature of 29.2 ± 0.2°C was recorded and this is taken to be the minimum temperature of the sediment, as the temperature curve suggests there was some slight disturbance after penetration.
The temperatures are plotted against subbottom depths in Figure 4 and lie on a straight line giving a thermal gradient of 92 K km-l.
Site 227
Site 227 (latitude 21.33°N, longitude 28.13°E) has a water depth of 1795 meters. Four downhole temperatures were obtained at 37, 73, 82, and 159 meters. The temperature-time curves for these are shown in Figure 2 . Some difficulty was experienced with penetration of the probe due to the hardness of the bottom, the Master Core Inventory having descriptions such as "firm gray ooze" (36 m), "stiff gray mud, slow coring" (72 m), and "hard mud" (82 m). The temperature-time curve for the measurement at 37 meters illustrates this problem; the curve suggests the probe was disturbed and there are three possible temperatures to read. As there is little decay after reaching the highest value (26.2 ± 0.1 °C) it seems that the probe finally penetrated relatively undisturbed sediment having previously recorded disturbed temperatures. It therefore seems logical to choose the highest reading.
The temperature-time curve for 73 meters shows that the equilibrium temperature of the sediment was not reached. It seems likely the probe was pushed up into the core barrel as evidenced by the sudden decrease in temperature after the maximum of 29.72°C was reached. The sediment temperature is therefore greater than 29.72°C. Possible confirmation of this comes from the temperature subbottom depth plot in Figure 5 where it is seen that the temperature for 73 meters plots below the line joining the sea bottom and deeper downhole temperatures. For the measurement at 82 meters, there is again evidence of movement of the probe after penetration but over much shorter time intervals than for the measurement at 37 meters. The slow general decrease of temperature after reaching a maximum of 31.97°C at 12.5 min suggests that both probe and sediment may have been pushed up into the core barrel. The in situ temperature is estimated as 32.0±0.2°C.
In contrast to the other measurements, the probe easily penetrated for the final measurements at 159 meters. (A large part of the curve in Figure 2 is omitted, the ordinate scale being condensed because of the large temperature range.) The core is described as "fairly soupy" and the temperature increased rapidly by about 18.7°C as the probe penetrated. Unfortunately, the core and instrument were probably pushed up into the core barrel as evidenced by the fairly rapid decrease in temperature. The maximum temperature recorded was 41.08°C, and the in situ temperature is estimated to be 41.1 ± 0.2°C.
The temperatures are plotted against subbottom depths in Figure 5 . Considering the difficulties experienced at this site, it is somewhat reassuring that the temperature lie so nicely on a straight line giving a thermal gradient of 117 K km-l.
Site 228
At Site 228 (latitude 19.09°N, longitude 39.00°E), the water depth is 1038 meters, and downhole temperatures were obtained at 25, 61, and 97 meters subbottom. The temperature-time graphs are shown in Figure 3 .
The first measurement at 25 meters was made in soft carbonate ooze, and a good temperature-time graph was obtained giving a temperature of 24.7 ± 0.1°C.
The temperature-time curve for the second measurement at 61 meters shows the probe was disturbed, there being a sharp temperature decrease after the maximum of 26.67°C was reached. The disturbance suggests that the in situ temperature of the sediments was not measured at this depth.
The next measurement at 97 meters subbottom was in hard mud. The temperature-time curve shows a large increase in temperature from 22.25°C to 40.33°C, suggesting the probe successfully penetrated the sediment. The temperature then decreased, first slowly and then very sharply after 13.3 min, suggesting the probe possibly rose back into the core barrel and then separated from the sediment. The in situ temperature is estimated at 40.4 ± 0.2°C. due to malfunctioning of the apparatus. This was most unfortunate as it is seen from the temperature-depth plot ( Figure 6 ) that, unlike for the previous sites, the points do not lie on a line, and the data do not seem sufficiently unambiguous to exclude the possibility of nonlinear gradients due to possible hydrothermal circulations at this site. The best that can be done is to accept the maximum temperature gradient (186 K km-1 ) obtained by taking the bottom water temperature and the maximum temperature of 40.4°C obtained at 97 meters subbottom depth. As expected from the temperature-time curve, the temperature for 61 meters plots below this line confirming that the probe was disturbed. It is noted that the gradient is the highest recorded for all the sites.
Site 229
As mentioned in the introduction, it was hazardous to use the downhole temperature probe at Site 229 (latitude 14.77°N, longitude 42.19°E) because of the adverse weather conditions and the shallow water depth of 852 meters. The one attempt to use the probe at a subbottom depth of 109 meters failed, the probe becoming bent possibly due to the presence of hard volcanic tuffs (the site is near Zebayir Island). It was noticed that the sediment in the core catcher felt warm to the touch; therefore, three temperature measurements were made by inserting a crude thermometer into the core catcher sediment as soon as the cores arrived on deck. These gave temperatures of 29°C at 74 meters, 28°C at 83 meters, and 39°C at 212 meters subbottom depths. These temperatures are plotted against subbottom depths in Figure 7 and give reasonable gradients. It is probably safe to conclude that the minimum temperature gradient at Site 229 is 99 K km" 1 .
THERMAL CONDUCTIVITIES
Thermal conductivities of the soft sediments from Sites 225, 227, and 228 were measured aboard D/V Glomar Challenger using the needle-probe method (Von Herzen and Maxwell, 1959). The cores from the other sites proved unsuitable-Site 226 cores yielding igneous rocks, cores from Site 229 having a high gas content, and Site 230 cores yeilding only one and a half core barrels of disturbed sediment. Strip-chart recordings of needle-probe temperature versus time were digitized and the times and temperatures fitted to a curve of the form where T is the temperature, t is the time, and A, B, C are coefficients determined using a nonlinear regression program.
These computed values are for the pressure and temperature conditions of the laboratory, and it is necessary to convert these to the conditions at the appropriate depth in the drill hole. This is done using the correction factors given by Ratcliffe (1960) and modified for use in drill holes by Erickson (1973) . The relationship is: The parameters used for Sites 225, 227, and 228 are given in Table 1 . The environmental corrections are only a few percent and uncertainties in these parameters are negligible for most purposes.
The environmentally corrected conductivities for the three sites (225, 227, and 228) are shown plotted as a function of depth in Figure 8 , and numerical listings of both uncorrected and corrected values are given in Tables 2,  3 ,and 4.
The description of the lithologies are for Site 225, "detrital clayey silt rich carbonate nanno ooze and chalk"; for Site 227, "carbonate nanno ooze and chalk"; and for Site 228, "silty nanno-foram carbonate ooze and chalk and calcareous siltstone." The ages range back into the early Pliocene. It is seen from Figure 8 conductivities are somewhat higher, and the plot shows a tendency for the conductivity to increase with depth. The mean conductivities (with standard deviations) for the three sites are given in Table 5 .
HEAT FLOW
With the above experimental data, estimates can be obtained for the heat flow at Sites 225,227, 228, and 229. As the heat flow is the temperature gradient multiplied by the thermal conductivity, these are shown together in Figures 4, 5, and 6 for Sites 225, 227, and 228, respectively. Figure 7 shows the estimates of the minimum temperature gradients for Site 229; no thermal conductivity measurements are available due to the degassing of the cores from this site.
The values of the temperature gradients and conductivities used to determine the heat flow at the four sites are listed in Table 6 . It is somewhat difficult to assign realistic estimates of the errors associated with these values. The estimates for the four sites are discussed in turn.
For Site 225 ( Figure 4 ) the temperature gradient is estimated as 92 ± 4 K km-1 , but it is noted that this depends on only three measurements. The thermal conductivity for the depth range corresponding to the tempera- Table 5 ). The heat flow is thus 105 ± 11 mWm-2.
For Site 227 ( Figure 5 ) the temperature gradient is estimated as 117 ± 8 K km-1 ; this is slightly weighted in favor of the higher values (cf. the straight line drawn in Figure 5 ). There are seven thermal conductivity measurements over the 160-meter depth range of the temperature measurements and these give a mean of 1.305 ± 0.161 Wm-1 K-l. The heat flow is thus 153 ± 29 mWπr^ the experimental error of just less than ±20% is considered reasonable and acceptable.
For Site 228 there is the problem of the choice of temperature gradient as evidenced by the temperaturesubbottom depth graphs in Figure 6 . Following the discussion in the section on downhole temperature measurements, the higher gradient is chosen as the most likely. The thermal conductivity over the depth range of the measurements is taken as 1.348 ± 0.108 Wm" 1 K" 1 . These values give a somewhat questionable heat flow of 251 mWπr 2 . It is not realistic to quote an experimental error on this value because of the difficulty with the temperature gradient.
For Site 229, only the rough minimum temperature estimates are available. From Figure 8 , it is reasonable to assume that the temperature gradient is greater than 100 K km-1 . As there are no thermal conductivity measurements for this site, the mean thermal conductivity of 1.266 Wirr 1 K-l for Sites 225, 227, and 228 calculated from the values in Table 6 is assumed. The heat flow at Site 229 is thus greater than 127 mWnr 2 . The heat flow results are summarized in Table 6 . Girdler (1970) . The list is updated to include the D/V Glomar Challenger sites in Table 7 , while Figure 9 shows a map of all the Red Sea heat flow values (complete to the end of 1972). The D/V Glomar Challenger sites are marked with solid circles. Perhaps the most interesting result is Site 229 (>127 mWπr 2 ) which shows for the first time that high heat flow is observed in the southern part of the Red Sea (south of 15°N). It is seen that the other results also conform to the pattern of the highest values being near the central axis of the Red Sea. It may be safely concluded that in spite of the various difficulties, the heat flow at four of the six D/V Glomar Challenger drilling sites in the Red Sea is appreciably higher than normal.
The significance of such results has been discussed by Girdler (1970) . It is sufficient to mention here that the high heat flow is probably associated with a widening intrusive zone down the central axis of the Red Sea associated with the movement apart of Arabia and Nubia and consequent sea floor spreading. Girdler (1970) 
